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3 whose dissociation was monitored by FRET. The FlCRhR probe was used on some favorable preparations like large invertebrate neurons (Bacskai et al., 1993; Hempel et al., 1996) or Xenopus embryonic neurons (Gorbunova and Spitzer, 2002) ; however, its use in mature vertebrate neurons was limited by the difficult task of introducing the probe as an intact holoenzyme into the cytosol (Vincent and Brusciano, 2001) . Various gene transfer methods now allow the expression of genetically-encoded probes in virtually any cell type including neurons, and probes using CFP and YFP as fluorophores were soon derived from the previous FlCRhR (Zaccolo et al., 2000; Lissandron et al., 2005) . This assay depends on the coexpression of two genes coding for the two moieties of the probe at a similar level, a condition that must be achieved for proper functioning of the probe.
Unfortunately, these PKA-derived probes have an intact kinase domain, so the presence of the probe inherently increases PKA activity inside the cell. This has been reported with FlCRhR in cardiomyocytes where probe diffusion into the cell partially activated L-type calcium channels (Goaillard et al., 2001) . Neurons have a tonic cAMP production and PKA activity; the introduction of a large load of extra PKA inside the neuron will likely perturb this equilibrium, first by buffering a large part of intracellular cAMP (this in itself may not be a problem) and second by releasing an active PKA subunit that will impact feed-back mechanisms. The PKA-derived probes also suffer from kinetic limitations (see below). Despite all these limitations, the genetically-encoded PKA-based probe has been successfully used on cardiocytes where it reported changes in PKA dissociation state in response to beta-adrenergic stimulation (Mongillo et al., 2004) , and it may prove useful in some specific neuronal applications, particularly where a highly sensitive qualitative monitoring is needed. For example, a PKA-based genetically encoded sensor reported responses to activators of the PKA cascade in transgenic Drosophila, although probe expression led to severe developmental defects (Lissandron et al., 2007) .
Besides PKA, one important target of intracellular cAMP is a family of cyclic-nucleotide gated channels, one of its members being expressed in olfactory neurons. The sensitivity of these membrane channels to cAMP was used to measure changes in sub-membrane cAMP concentration either by electrophysiological recordings or by imaging the calcium influx through these channels (Rich et al., 2001a) . This elegant approach showed that the dynamics of 5 kinase activity reporter (AKAR) is a recombinant protein composed of a phosphoamino acid binding domain and PKA-specific substrate sandwiched between CFP and YFP (figure 1B). When phosphorylated by PKA, intramolecular binding of the substrate by the phosphoamino acid binding domain drives a conformational reorganization, leading to an increase in FRET between CFP and YFP. The FRET response of the first probes in this class, AKAR1 (Zhang et al., 2001) , was largely irreversible in living cells. It was hypothesized that tight binding of the phosphorylated substrate to the phosphoaminoacid binding domain (which was the 14-3-3 protein) can prevent the phosphorylated substrate from being dephosphorylated by phosphatases and lead to apparent irreversibility of the reporter. In order to continuously monitor the dynamic balance between the kinase and phosphatase activities, however, it is desirable that the kinase activity reporter be reversible. The replacement of the 14-3-3 with FHA1, a modular phosphothreonine binding domain with a weaker binding affinity than that of 14-3-3, led to the generation of AKAR2, a reversible AKAR reporter (Zhang et al., 2005) . Additionally, use of GFP variants with a reduced tendency to dimerize (Zacharias et al., 2002) as FRET donor and acceptor in AKAR2.2 helped to improve reversibility (Dunn et al., 2006) . In the most recent efforts of sensor optimization, using circular permutants of fluorescent protein to replace wild-type YFP as the FRET acceptor led to improved dynamic range, presumably via changes of the relative orientation of the donor and acceptor fluorophores. AKAR3, the current version of AKAR, utilized a circularly permutated Venus (cpV E172) and doubled the response amplitude of AKAR2 (Allen and Zhang, 2006) . AKAR probes exhibit a FRET increase in response to forskolin (a drug which activates adenylyl-cyclases), and this effect was observed with AKAR2 in cortex, intralaminar thalamic neurons (Gervasi et al., 2007) and ventrobasal thalamus (Gervasi and Vincent, unpublished) . AKAR2 also responds to neuromodulators that are positively coupled to the cAMP/PKA cascade, such as serotonin via the 5-HT 7 receptor in thalamic intralaminar neurons (Gervasi et al., 2007) . It is important to note that the probe responds to low concentrations of neuromodulators (100 nM 5-CT to activate 5-HT 7 receptors), while neither phosphatases nor phosphodiesterases were blocked. AKAR2 thus has a high sensitivity to report the downstream effect, at the kinase level, of a hal-00342452, version 1 -27 Nov 2008 
Cyclic GMP
Nitric oxide is an unconventional neuromodulator which diffuses across membranes and acts principally by activating cGMP synthesis by the soluble guanylyl cyclase. Various probes have been designed in order to report either the release of NO or the production of cGMP. Despite the considerable importance of NO in neuroscience, few of these probes have been actually used in neurons.
A NO-sensitive probe was designed by fusing the heme-binding domain of guanylyl cyclase with EGFP. This probe, named HBR-GFP, responds to NO by an increase of GFP fluorescence, which can be directly monitored in cells, and a change in the excitation spectrum of the probe, which might be monitored ratiometrically by dual wavelength excitation. EGFP was used as a control to verify that the effects depended on the heme-binding moiety of the protein, and pharmacological blockade of NO synthase confirmed that the recorded signals depended on NO. The onset of the response to NO is in the range of hundred of seconds, making this probe unsuitable to monitor rapid neuronal events.
Dissociation of NO from the probe is even slower, so the probe only reports the cumulative release of NO. This probe was used in cerebellum slices to evaluate the radial spread of NO within the cerebellar cortex, showing that NO release as a function of parallel fiber stimulation exhibits an unexpected bell-shaped curve (Namiki et al., 2005) . Downstream of NO, cGMP can be measured directly using PKG as a sensor.
These probes named CGY (Sato et al., 2000) and Cygnet-2 (Honda et al., 2001) faithfully report changes in intracellular cGMP concentration ( figure 1C) .
Interestingly, although these probes have similar structure and fluorophores, the FRET changes in response to cGMP are in opposite directions. While the selectivity of CGY for cGMP against cAMP is debated (Nikolaev et al., 2006b), Cygnet-2 is clearly insensitive to physiologically-relevant cAMP concentrations and has a Kd for cGMP around 1 µM (Honda et al., 2005; Nikolaev et al., 2006b) .
It is important to note that the kinase domain from PKG is inactivated by mutation in the Cygnet-2 probe so as not to phosphorylate proteins that may be involved in this signaling cascade. The CGY sensor has been further modified by fusing it to guanylyl cyclase, thus creating a probe sensitive to low NO concentrations (Sato et al., 2005) . This may be useful in neuronal preparations to detect very low NO 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 subtraction can lead to errors in absolute ratio values, and the lesser the fluorescence intensity of the probe, the bigger the error. This may be particularly important when comparing different cells or different cellular domains with different brightness. Indeed, comparisons of small neuronal compartments such as dendritic trees, spines or axon terminals with the much brighter soma require a careful background correction and experimental confirmation with the control inactive probe. When measuring the average ratio over a cellular structure with various intensity levels, dim pixels corresponding to regions of low probe concentration bring a less precise estimate of the ratio value compared to bright pixel where the probe gives a better signal/noise ratio. Dim pixels are usually removed using a fixed (and somewhat arbitrary) threshold. A more objective quantification uses all pixels in the region of interest and calculates an average ratio with each pixel weighted by its intensity (Tsien and Harootunian, 1990) .
Another error would result from time-dependent changes in background value which would produce a continuous drift of the ratio during the experiment. In practice, all these errors are minimized by recording only cells (or regions of a cell) where the fluorescence intensity is much larger (at least 3 times more) than the autofluorescence. At the other extreme, too high an expression of the probe may lead to probe aggregation or cause a cell to be stressed by too much protein expression, so that a good compromise should be determined and validated by biological controls.
Quantification errors may also stem from the probe itself. For example, AKAR2 targeted to the nucleus using an NLS signal exhibited a lower average ratio than AKAR2 in the cytosol. This difference was also observed with AKAR2mut, showing that this effect did not reflect a difference in basal PKA activity level but rather indicated that the biophysical environment in the nucleus must be different from the cytosol and differentially affect the CFP-YFP interaction. The molecular basis of this effect remains to be determined.
These factors contribute to some cell-to-cell dispersion in the basal ratio value, which is observed even with the insensitive AKAR2mut probe. As a consequence, an absolute calibration of the ratio cannot be performed unless the minimal ratio value (R min ) and the maximal ratio value (R max ) is measured for each cell in the preparation. Concerning AKAR2, R max is the ratio when all of the Quantification could be pushed a bit further with the cGMP-sensitive probe Cygnet-2 thanks to better pharmacological tools (Hepp et al., 2007) . Increasing doses of a NO donor produced increasing ratio responses up to a maximal value for 50 µM DEANO or 100 µM SNAP. This level was not further increased by blockers of phosphodiesterases, thus representing R max . Guanylyl cyclase could be rapidly and efficiently blocked by 10 µM ODQ which, together with the strong endogenous phosphodiesterase activity, rapidly led to a ratio level significantly lower than baseline (Hepp et al., 2007) . This level can be reasonably assumed to be close to R min .
When the sensor behaves as a single ligand binding domain, the equations used for ratiometric calcium probes (Grynkiewicz et al., 1985 ) also apply to cAMP or cGMP:
In this equation, R min is the ratio measured in the absence of ligand, R max is the ratio when the probe is saturated with the ligand. Kd (apparent Kd) depends on the imaging setup and can be determined experimentally on cell extracts. This type of quantification has been applied to cultured HEK293 cells expressing ICUE2, assuming that the resting cAMP concentration was well below Kd (i.e.
resting ratio equals R min ), and R max was the ratio in the presence of forskolin 
Buffering effects
Whether the expression of a probe perturbs the signal to be measured is an important question. We have tested this in detail with AKAR2 in cortical and thalamic brain slices. First, we verified that the expression of AKAR2 did not overtly affect neuronal properties: whole-cell patch-clamp recording showed that neurons expressing AKAR2 display the expected firing behavior in response to depolarizing or hyperpolarizing current injection (figure 2). would produce very small ratio changes. These predictions are not confirmed by current data since responses to neuromodulators or to calcium waves can be a large fraction of R max (Nikolaev et al., 2004; Dunn et al., 2006; Shafer et al., 2008) , showing that neurons are certainly able to load a large fraction of the probe with cyclic nucleotides. Moreover, the buffering effect of the probe could be tested functionally in Drosophila: transgenic flies expressing the Epac1-camps probe in neurons exhibited no major perturbation in their daily locomotor activity, an indicator which is sensitive to changes in the cAMP cascade (Shafer et al. , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   13 2008). The final cyclic nucleotide concentration must then proceed from a tightly controlled dynamic equilibrium in which cyclases produce a large number of cyclic nucleotide molecules until negative feed-back mechanisms become powerful enough to set a new steady-state level or initiate the recovery.
Dynamic equilibrium of signaling cascades
This is exemplified by thalamic neurons studied in brain slices where a tonic NO production maintains a continuous production of cGMP which could be detected by the Cygnet probe (Hepp et al., 2007) . Tonic phosphodiesterase activity keeps the cGMP level constant at an intermediate level; pharmacological tools revealed the strong involvement of type II phosphodiesterase in this cGMP balance (Hepp et al., 2007) . From this level, the cGMP concentration can either increase or decrease, depending on the up-or down-regulation of guanylyl cyclase and/or phosphodiesterase. Guanylyl cyclases and phosphodiesterases are thus powerful enzymes whose relative activities set the equilibrium point where the cGMP concentration stabilizes. The buffering effect of Cygnet probably has no effect on this final level but only slows changes from this equilibrium level.
A dynamic equilibrium is also seen in the cAMP/PKA cascade: when phosphodiesterases are blocked with IBMX, the AKAR2 ratio strongly increases (figure 3) indicating a tonic adenylyl cyclase activity which is continuously counteracted by phosphodiesterases. In Drosophila, cAMP imaging using the Epac1-camps sensor revealed that while most neurons studied in this preparation responded to neuropeptides by a FRET decrease, indicative of an increase in intracellular cAMP concentration, a fraction of the large lateral neurons occasionally responded to the DH31 peptide by a FRET increase, indicative of a decrease in cAMP concentration, i.e. a downward modulation of a tonic cAMP level (Shafer et al., 2008) .
The tonic production of cAMP is sufficient to slightly activate PKA since, in cortical brain slices, the application of phosphatase inhibitors also increases the baseline AKAR2 ratio (Gervasi et al., 2007) : the tonic PKA activity is reversed by phosphatases to maintain a steady-state level. Indeed, if AKAR2 was not continuously dephosphorylated, the low basal PKA activity would progressively lead to a maximal phosphorylation of the probe and no further response would be hal-00342452, version 1 -27 Nov 2008 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 (Gervasi et al., 2007) . On the same neurons, the AKAR2 response to the activation of 5-HT 7 receptors took ~2.5 min to reach 90% of the full signal, demonstrating a fairly long delay between the binding of a neuromodulator to a membrane receptor and the transduction of a signal in the cytosol.
The decay of the cAMP/PKA response can also be studied using these sensors. In cortical neurons, dephosphorylation of AKAR2 took ~1h (Gervasi et al., 2007) . In contrast, spontaneous ratio oscillations were detected in retinal ganglion cells using ICUE2 or AKAR2.2, with decreases within ~1 min, indicating that cAMP unbinds from ICUE2 and is degraded by phosphodiesterases while phosphatases dephosphorylate AKAR2.2 almost as rapidly (Dunn et al., 2006) . This confirms that the cAMP/PKA cascade is a highly dynamic signaling pathway in retinal ganglion neurons where phosphorylation and dephosphorylation are very active processes. This faster apparent dynamics in retinal ganglion cells than in pyramidal cortical neurons can be related to intrinsic differences in the cascade dynamics between these two neuronal types. The A206K mutations introduced in both fluorophores in AKAR2.2 also helps phosphatases access the phosphorylation site of the probe, although in cardiomyocytes, AKAR2 also seemed to dephosphorylate within few minutes (Saucerman et al., 2006) .
Spatial information
The subcellular localization of intracellular second messenger signals is particularly important in the case of neuronal cells which exhibit distinct compartments with highly specialized functions. Biochemical approaches have revealed that the enzymes involved in signaling are often organized in functional microdomains, and it is a tantalizing to directly observe intracellular signals at the level of specific cellular compartments or within microcompartments.
Most recordings from neurons using genetically-encoded probes were collected in wide-field imaging with low-noise CCD cameras. Better optical sectioning would be achieved with confocal microscopy using a violet laser as shown in Drosophila brains (Shafer et al., 2008) . Better penetration would be achieved in mammalian brain slices with two photon confocal imaging. This has been performed with a calcium-sensitive probe using the CFP-YFP FRET pair (Heim et al., 2007 Hyperpolarization induces the 'sag', followed by low-threshold calcium spike upon repolarization.
Figure legends
B: a layer V pyramidal cortical neuron fires tonically upon depolarization. 
